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ABSTRACT

The recent energy crisis and environmental burden are becoming increasingly urgent and drawing enormous attention to
solar-energy utilization. Direct solar thermal power generation technologies, such as, thermoelectric, thermionic, mag-
neto hydrodynamic, and alkali-metal thermoelectric methods, are among the most attractive ways to provide electric
energy from solar heat. Direct solar thermal power generation has been an attractive electricity generation technology
using a concentrator to gather solar radiation on a heat collector and then directly converting heat to electricity through
a thermal electric conversion element. Compared with the traditional indirect solar thermal power technology utilizing a
steam-turbine generator, the direct conversion technology can realize the thermal to electricity conversion without the
conventional intermediate mechanical conversion process. The power system is, thus, easy to extend, stable to operate,
reliable, and silent, making the method especially suitable for some small-scale distributed energy supply areas. Also, at
some occasions that have high requirements on system stability, long service life, and noiselessness demand, such as
military and deep-space exploration areas, direct solar thermal power generation has very attractive merit in practice. At
present, the realistic conversion efficiency of direct solar thermal power technology is still not very high, mainly due to
material restriction and inconvenient design. However, from the energy conversion aspect, there is no conventional in-
termediate mechanical conversion process in direct thermal power conversion, which therefore guarantees the enormous
potential of thermal power efficiency when compared with traditional indirect solar thermal power technology [1].
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1. Introduction tive way to improve thermoelectric conversion effi-
. L ciency at present.
Thermoelectric power generation is one of the current 3) Implementing effective heat dissipation on the cold

interests in clean energy research in view of direct solar

power generation. Thermoelectric power generation be-

comes an attractive application. Recent research analyses 4)

were proposed in the open literature to cover the various

aspects of energy generation [2-23]. Efforts have been
devoted to investigate the thermoelectric power conver-
sion theory and practical applications. These efforts have

been under way from the following four aspects [24]:

1) Maximizing the temperature difference between two
sides of thermoelectric devices by increasing the heat
flow through thermoelectric devices with methods
such as raising the solar concentration ratio.

2) Enhancing material thermoelectric characteristic.
Seeking more suitable thermoelectric materials, such
as nanometer materials, is the most useful and effec- Thermoelectric applications are broad. Thermoelectric

side, so that thermoelectric materials can work in the
most suitable temperature range.

Carrying out design optimization and computer simu-
lation to optimize the structure of thermoelectric ele-
ments and improve the packaging technology of de-
vices.

This review is intended to present an account of the
recent advances in developing the thermoelectric tech-
nologies specially, for direct solar thermal power genera-
tion. Both the fundamental issues and latest application
research are illustrated and critical issues are discussed.

2. Thermoelectric Applications
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materials had their first decisive long-term test with the
start of intensive deep-space research. During the Apollo
mission, thermoelectric materials were responsible for
the power supply, and currently, radioisotope thermoe-
lectric generators (RTEGs) are the power supplies (350
W) used in deep-space missions beyond Mars. Recently,
the Cassini satellite was launched with three RETGs us-
ing 238Pu as the thermal energy source and SiGe as the
thermoelectric conversion material. Smaller self-powered
systems such as thermoelectric-powered radios were first
mentioned in Russia around 1920; a thermoelectric cli-
mate-control system in a 1954 Chrysler automobile shows
the scope of this technology. Currently, millions of ther-
moelectric climate-controlled seats that serve as both seat
coolers and seat warmers are being installed in luxury
cars. In addition, millions of thermoelectric coolers are
used to provide cold beverages. Even wristwatches mar-
keted by Seiko and Citizen and biothermoelectric pace-
makers are being powered by the very small temperature
differences within the body or between a body and its
surroundings.

Thermoelectric materials were previously used pri-
marily in niche applications, but with the advent of
broader automotive applications and the effort to utilize
waste-heat-recovery technologies; thermoelectric devices
are becoming more prominent. The rising costs of fossil
fuels have helped spawn a program between the Energy
Efficiency and Renewable Energy office of the US De-
partment of Energy and several automotive manufac-
turers to incorporate thermoelectric waste-heat-recovery
technology in the design of heavy trucks. Indeed, without
such systems, more than 60% of the primary energy of
fossil fuels is lost worldwide as unusable waste energy;
the loss is as high as 70% in some automobiles [25].

This field of thermoelectric also covers forthcoming
applications and markets for remote “self-powered” sys-
tems for wireless data communications in the microwatt
power range, as well as automotive systems and deep-
space probes in the intermediate range of hundreds of
watts. Researchers hope to produce systems of several
kilowatts using waste heat energy from stand-alone
woodstoves and also transform the huge amounts of
waste energy from industrial furnaces and power plants.

Thermoelectric power generation is one of the current
interests in clean energy research. Thermoelectric power
generation technology has been widely used for many
years power generation, heating and cooling applications.
Although recent developments in nanotechnology have
helped to improve the efficiency of the thermoelectric
generators, they are not yet competitive with other elec-
trical energy generation technologies from the efficiency
perspective. Thermoelectric efficiency of these genera-
tors has generally been limited to about 5% - 6% [2,21,
24]. However, they are easy to operate, compact, longer-
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lived, and require low maintenance cost. Also, the ther-
moelectric devices can utilize the waste heat to generate
electricity; thus, the efficiency of the solar thermal power
plant can be improved. Thermoelectric devices are
friendly to the environment, so they have attracted in-
creasing attention as a green and flexible source of elec-
tricity. Research in the area of thermoelectric power gen-
eration assists in identifying the best fields for imple-
mentation of this technology, and helps in reducing the
time between the development of advanced materials and
cost-effective thermoelectric power generation. The field
of thermoelectricity began in 1822 with the discovery of
the thermoelectric effect by Thomas Seebeck [3]. See-
beck found that, Figure 1(a), when the junctions of two
dissimilar materials are held at different temperatures
(AT), a voltage (V) is generated that is proportional to AT.
The proportionality constant is the Seebeck coefficient or
thermo power: a = —AV/AT. When the circuit is closed,
this couple allows for direct conversion of thermal en-
ergy (heat) to electrical energy. The conversion effi-
ciency, nrE, 1s related to a quantity called the figure of
merit, ZT that is determined by three main material pa-
rameters: the thermo power a, the electrical resistivity p,
and the thermal conductivity x. Heat is carried by both
electrons (k.) and phonons (), and k = k, + k,,. The
quantity ZT itself is defined as
T = a’oT _ a’oT
k (ke +k,, )

@.1)

where o is the electrical conductivity.

A related effect was discovered a little bit later in 1834
by a French scientist Jean Peltier [4,5]. Peltier found,
Figure 1(b), that when he applied a current in two pieces
of coupled materials, a temperature gradient can be de-
veloped and the rate of heat absorbed or released at the
junctions followed a relationship of Q/dt = I1-1, where I1
is Peltier coefficient and I is the applied current. Two
decades later, Lord Kelvin connected these two effects

| Cooling (T) |
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Figure 1. Arrangement of thermoelectric modules for (a)
power generation by theSeebeck effect and (b) refrigeration
by the Peltier effect.
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together by Kelvin relationship: IT = a7, which was
theoretically proved almost 80 years later by Lars On-
sager in 1931. In the first 30 years of thermoelectric his-
tory, scientists discovered the basic effects and started to
understand it macroscopically.

It was not until in 1911, that Altenkirch [3] derived
thermoelectric efficiency and provided a microscopic
understanding of thermoelectric phenomena. The know-
ledge of thermoelectricity was mainly developed in the
20 years after his derivation and led to the progress in the
discovery of good bulk thermoelectric materials by 1970.
The efficiency of thermoelectricity (#7x) is determined by
the dimensionless figure of merit (ZT):

V1+ZT -1

Nre =1Tc (2.2)

V1+ZT +;—C

H

where 7¢ is the Carnot efficiency, 1c = (Ty — T¢)/Ty and
Ty and T¢ are the hot and cold temperatures, respectively.
Thus, a significant difference in temperature (large A7) is
also needed to generate sufficient electrical energy. Im-
provement of thermoelectric generator performance has
been the objective of many of investigations. Kassas [6]
carried out thermodynamic analysis of a thermoelectric
device. He considered the thermoelectric diode and cal-
culated the electronic as well as the Carnot efficiency of
the device. He found that increasing emitter temperature
increases the Carnot efficiency of the thermoelectric de-
vice. He also found that the second law efficiency in-
creases with emitter to collector temperature ratio and
reduces with increasing collector temperature as a result
of the increase in collector current flow.

Yamashito [7] derived some thermal rate equations by
considering the temperature dependencies of the electri-
cal resistivity and thermal conductivity of the thermoe-
lectric materials into the thermal rate equations. He de-
rived the energy conversion efficiencies from both the
new and conventional thermal rate equations and dis-
cussed the effect of the temperature dependency of the
properties. He concluded that the temperature depend-
ence of the electrical resistivity and thermal conductivity
significantly influences the efficiency of the thermoelec-
tric generator. Performance of thermoelectric devices
was also studied by Yilbas and Sahin [8]. They formu-
lated the optimum values of the slenderness ratio and
external load parameter for maximizing the device effi-
ciency. They found that for a fixed thermal conductivity
ratio, the external load parameter increases with increas-
ing the slenderness ratio while the electrical conductivity

ratio of the p and n pins in the device reduces. Hsiao et al.

[9] studied the development of thermoelectric generators
for implementation in the internal combustion engine.
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They found that installing the thermoelectric generators
on the exhaust pipe would yield better results that in-
stalling them on the radiator. Champier et al. [10] studied
the feasibility of using thermoelectric module in a bio-
mass cook stove for generating electricity to power the
fan and give light. They discussed the feasibility of add-
ing commercial thermoelectric modules to the biomass
cook stove to come up with the best position of the mod-
ules.

Design optimization for the thermoelectric generators
has been subject of some previous investigations. Kubo
et al. [11] carried out experimental and numerical inves-
tigation on the performance of thermoelectric device and
studied the relationship between electrical power, con-
version efficiency, and incision size and the cold side
temperature. They found that the electrical power gener-
ated, the conversion efficiency, and the incision size de-
pend on the cold side temperature. Guo et al. [12] studied
the design performance of a low-temperature waste heat
thermoelectric generator both analytically and experi-
mentally. They found that expanding heat sink surface
area in a proper range and enhancing cold-side heat
transfer capacity can enhance the performance. Omer and
Infield [26], investigated the geometrical optimization of
the thermoelectric elements. The model considers the
effect of the parameters that contribute to the heat trans-
fer process associated with the thermoelectric devices in
power generation mode. Their optimization of the ele-
ment length was based on maximum power output from
the device, rather than efficiency.

3. Solar Thermoelectric Power Generation
(STEG)

The growing demand for energy throughout the world
has caused great importance to be attached to the explo-
ration of new sources of energy. Among the unconven-
tional sources, solar energy is one of the most promising
energy resources on earth and in space, because it is
clean and inexhaustible. Applications of solar thermoe-
lectric generator are attractive. The use of the solar ther-
moelectric generator usually combines a solar thermal
collector with a thermoelectric generator, which delivers
the electric energy. Tirtt ef al. [13] reported that the in-
frared (IR) region of the solar spectrum can supply the
needed hot temperature, 7. With regard to solar energy
conversion, thermoelectric devices will likely utilize the
IR spectrum of solar radiation as shown in Figure 2.
Telkes [15] gave a brief summary of the work in
STEGs before 1954, and reported STEGs constructed of
ZnSb and Bi-Sb alloys. The maximum efficiency
achieved of a flat-panel STEG was 0.63%. Fewer than 50
times optical concentration, the efficiency reached 3.35%.
However, these efficiencies may be inaccurate; Telkes
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Figure 2. Sun radiates energy as a 6000 K blackbody radia-
tor with part of the energyin the ultraviolet (UV) spectrum
and part in the infrared (IR) spectrum [3].

used the average regional solar flux (800 W/m?) to cal-
culate efficiency, and not the actual incident flux. Telkes
included air conduction and convection heat losses in
analyzing the STEG cell performance. She treated radia-
tion loss by an effective convection heat transfer coeffi-
cient. These analyses are valid only when the tempera-
ture rise on the absorber is small. Few papers have been
published on STEGs since Telkes’ report. Rush [16] in-
vestigated a flat-panel STEG configuration for space
applications with an estimated maximum efficiency of
0.7%. Goldsmid et al. [17] carried out experiments on
STEGs using both flat-panel and optically concentrated
configurations. For the flat-panel configuration, the re-
ported generator efficiency is about 1.4% but the system
efficiency is only about 0.6% due to radiation and con-
duction losses, comparable to that of Telke’s report. Un-
der 4 times optical concentration, their reported system
efficiency decreased to 0.5% due to optical losses. Dent
and Cobble [18] used a sun-tracking heliostat directing
the solar radiation on a parabolic dish, which focused the
sunlight onto thermoelectric generators using PbTe ther-
moelectric elements. A thermodynamic efficiency of 4%
was estimated when the hot side was heated to 510°C,
based on the calculated heat input to the thermoelectric
generators. Considering the optical concentration losses,
the system efficiency of Dent and Cobble’s generator at
best would be similar to that of Telkes.

A thermodynamic analysis is presented by Amatya et
al. [14] for predicting the thermal-to-electrical conver-
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sion efficiency for the generator. With solar concentra-
tion of 669 suns, a system efficiency of 3% was meas-
ured for a commercial Bi;Te; module with output power
of 1.8 W. Using novel thermoelectric materials such as
n-type ErAs: (InGaAs),,(InAlAs), and p-type (AgS-
bTe),(PbSnTe),, a conversion efficiency of 5.6% can be
achieved for a STG at 120x suns. Recently, Li ef al. [19]
proposed an experimental prototype concentration solar
thermoelectric generator with improved total conversion
efficiency. They developed a theoretical model of the
concentration solar thermoelectric generator system to
predict system performance based on the best available
properties of different bulk thermoelectric materials
found in the literature, including Bi,Tes, skutterudite, and
silver antimony lead telluride alloys. They showed that
the highest possible efficiency of the concentration solar
thermoelectric generator can attain 9.8%, 13.5%, and
14.1% for Bi,Tes, skutterudite, and silver antimony lead
telluride alloys, respectively.

System-level theoretical analysis of solar thermoelec-
tric generation is of great use and can give important
theoretical support for developing practical applications.
Chen [20] established a thermodynamic model to inves-
tigate the optimal performance of a STEG. In the model,
four irreversibilities including finite-rate heat transfer
between the thermoelectric devices and the external heat
reservoirs, heat leak via the thermoelectric devices, Oh-
mic heat production inside the thermoelectric devices,
and heat loss in the solar collector were taken into con-
sideration. Some important theoretical results, such as the
efficiency upper bound of solar TEGs, optimal operation
temperature of solar collectors, maximum power output,
and optimal load matching, were determined. The results
are meaningful and could offer theoretical support for
experimental investigation of solar-driven TEGs.

Chen [22] investigated the theoretical efficiency of
solar thermoelectric generators (STEGs). A model was
established including thermal concentration in addition to
optical concentration. Based on the model, the maximum
efficiency of STEGs is a product of the opto-thermal
efficiency and the device efficiency. The device effi-
ciency increases but the opto-thermal efficiency de-
creases with increasing hot side temperature, leading to
an optimal hot-side temperature that maximizes the
STEG efficiency. For a given optical concentration ratio,
this optimal hot-side temperature depends on the ther-
moelectric materials’ nondimensional figure-or-merit, the
optical properties of wavelength-selective surface and the
efficiency of the optical system. Operating in an evacu-
ated environment, STEGs can have attractive efficiency
with little or no optical concentration working in the low
temperature range (150°C - 250°C) for which Bi,Tes-
based materials are suitable.

Solar thermoelectric generation is a significant option
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for space power supply. In the work of Lenoir et al., [23]
the skutterudites thermoelectric materials were proposed
for space solar TEG. Additionally, two space solar ther-
moelectric generator (STEG) concepts, namely, the flat
plate configuration with identical collector and radiator
areas which had a relatively small area and low mass and
the STEG configuration with concentrators which had
high concentration coefficient, were considered suitable
for the space requirement. The theoretical comparison
and discussion about the electrical performance as a
function of sun-spacecraft distance of these two concepts
were performed. The results showed that the output
power higher than 400 W could be achieved when the
distance was smaller than 0.45 AU. However, if the
spacecraft moved to 0.30 AU, the collector temperature
would increase up to 1000 K, which might exceed the
allowable temperature range of skutterudites thermoelec-
tric materials. Therefore, the sun-spacecraft distance
greatly affects power generation and reasonable protec-
tion is needed to maintain the temperature within the
allowable range.

Omer et al. [25] presented a design procedure and
thermal performance analysis of a two stage solar energy
concentrator suited to combined heat and thermoelectric
power generation. The concentrator is comprised of a
primary one axis parabolic trough concentrator and a
second stage compound parabolic concentrator mounted
at the focus of the primary. The thermoelectric device is
attached to the absorber plate at the focus of the secon-
dary. A cooling tube is fitted to the cold side of the ther-
moelectric device to extract the waste heat and maintain
a high temperature gradient across the device to improve
conversion efficiency. The key requirements of the con-
centrator design are to be tolerant of tracking misalign-
ment, maintain temperature gradients to suit thermo-
electric generation and minimize heat losses. A design
methodology is presented which allows interception of
rays within an angular region (£J). The results in a wider
receiver for the parabolic trough concentrator would usu-
ally be used for a similar concentration ratio. The role of
the second stage concentrator in limiting heat losses from
the absorber plate is evaluated. Results indicate that in
addition to improving the concentration efficiency, the
second stage compound parabolic concentrator of the
proposed design also inhibits convective air movement
and, consequently, improves the overall performance of
the solar concentrator.

Solar thermoelectric technology can also be used to
improve the indoor environment and save building en-
ergy consumption. Maneewan et al. [27] performed a
numerical and laboratory-scale investigation on attic heat
gain reduction by means of thermoelectric roof solar col-
lector (TERSC). Due to the incident solar radiation, the
thermoelectric modules had a temperature difference
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between its hot and cold sides and generated direct cur-
rent to drive a ventilating fan for cooling the TE-RSC
and achieving better indoor ventilation so as to reduce
ceiling heat gain. The analytical result showed that the
decrease in the roof heat gain of 25% - 35% and the cor-
responding induced air change rate of about 20 - 45 ACH
(air changes per hour) could be achieved. According to
the economical analysis, the annual electrical energy
saving was about 362 kWh and the payback period was
about 4.36 years. When compared to commercial insula-
tions, although the ceiling heat transfer reduction in
commercial insulations was relatively higher, the initial
cost of TE-RSC was lower than microfiber or radiant
barrier insulations by about 50% and 27%, respectively.
Therefore, the TE-RSC system is an attractive option by
reason of its relatively low initial cost and simplicity.

A model of a two-stage semiconductor thermoelectric-
generator with external heat-transfer is built by Chen et
al. [28]. Performance of the generator, assuming New-
ton’s heat-transfer law applies, is analyzed using a com-
bination of finite-time thermodynamics and non-equilib-
rium thermodynamics. The analytical equations about the
power output versus the working electrical current, and
the thermal efficiency versus working electrical-current
are derived. For a fixed total heat-transfer surface-area
for two heat-exchangers, the ratio of heat-transfer surface
area of the high-temperature side heat-exchanger to the
total heat-transfer surface-area of the heat-exchangers is
optimized for maximizing the power output and the
thermal efficiency of the thermoelectric-generator. For a
fixed total number of thermoelectric elements, the ratio
of number of thermoelectric elements of the top stage to
the total number of thermoelectric elements is also opti-
mized for maximizing both the power output and the
thermal efficiency of the thermoelectric-generator. The
effects of design factors on the performance are ana-
lyzed.

Active building envelope (ABE) systems are a new
enclosure technology which integrate photovoltaic (PV)
and thermoelectric (TE) technologies. In ABE systems, a
PV system supplies electrical power to a TE heat-pump
system, which can transfer heat in one direction or an-
other depending on the direction of the current. Both the
TE and PV systems are integrated by Xu et al. [29] into
one enclosure surface. Hence, ABE systems have the
ability to actively control the flow of heat across their
surface when exposed to solar radiation. Applications for
this technology include all types of enclosures that re-
quire cooling or heating, such as building enclosures.
They developed various ABE system prototypes by using
commercially available PV and TE technologies. In this
study, two types of commercial available TE modules are
studied for their potential application in an ABE proto-
type window system. They performed various experi-
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ments to determine the coefficient of performance for TE
modules when operating under different voltage regimes,
and have tested different electrical connection diagrams.
Based upon the measured data, and results based on the
computational models of a TE system, the most suitable
type of TE modules, the voltage and current, and the
preferable connection diagrams are discussed.

Smith [30] presented a model describing the perform-
ance of a thermoelectric system is developed and de-
signed to operate over a large range of system configura-
tions. The theoretical model is compared to the experi-
mental results obtained from a Thermoelectric Power
Generation System testing box tested under several con-
figurations and conditions. Discrepancies between model
and experiments are described with several model im-
provements developed and implemented. Finally, the
model is incorporated with a heat transfer model and a
pricing model to develop a preliminary optimization tool.
The optimization tool is then used to analyze the viability
of thermoelectric power generation in a hypothetical
automotive application when compared with the operat-
ing costs of an alternator to develop viability curves
based off the price of fuel.

Lertsatitthanakorn et al. [31] investigated the ther-
moelectric (TE) solar air collector, sometimes known as
the hybrid solar collector, generates both thermal and
electrical energies simultaneously. A double-pass TE
solar air collector has been developed and tested. The TE
solar collector was composed of transparent glass, air gap,
an absorber plate, thermoelectric modules and rectangu-
lar fin heat sink. The incident solar radiation heats up the
absorber plate so that a temperature difference is created
between the thermoelectric modules that generate a direct
current. Only a small part of the absorbed solar radiation
is converted to electricity, while the rest increases the
temperature of the absorber plate. The ambient air flows
through the heat sink located in the lower channel to gain
heat. The heated air then flows to the upper channel
where it receives additional heating from the absorber
plate. Improvements to the thermal and overall efficien-
cies of the system can be achieved by the use of the dou-
ble-pass collector system and TE technology. Results
showed that the thermal efficiency increases as the air
flow rate increases. Meanwhile, the electrical power
output and the conversion efficiency depend on the tem-
perature difference between the hot and cold side of the
TE modules. At a temperature difference of 22.8°C, the
unit achieved a power output of 2.13 W and the conver-
sion efficiency of 6.17%. Therefore, the proposed TE
solar collector concept is anticipated to contribute to
wider applications of the TE hybrid systems due to the
increased overall efficiency.

Fan et al. [32] presented design details, theoretical
analysis, and outcomes of a preliminary experimental
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investigation on a concentrator thermoelectric generator
(CTEQG) utilizing solar thermal energy. The designed
CTEG system consisted of a parabolic dish collector with
an aperture diameter of 1.8 m used to concentrate
sunlight onto a copper receiver plate with 260 mm di-
ameter. Four BiTe-based thermoelectric cells (TEC) in-
stalled on the receiver plate were used to convert the
concentrated solar thermal energy directly into electric
energy. A micro channel heat sink was used to remove
waste heat from the TEC cold side, and a two-axis track-
ing system was used to track the sun continuously. Ex-
perimental tests were conducted on individual cells and
on the overall CTEG system under different heating rates.
Under maximum heat flux, a single TEC generator was
able to produce 4.9 W for a temperature difference of
109°C, corresponding to 2.9% electrical efficiency. The
overall CTEG system was able to produce electric power
of up to 5.9 W for a 35°C temperature difference with a
hot-side temperature of 68°C. The results of the investi-
gation help to estimate the potential of the CTEG system
and show concentrated thermoelectric generation to be
one of the potential options for production of electric
power from renewable energy sources.

Sark et al. [33] proposed to use the thermal waste by
attaching thermoelectric (7E) converters to the back of
PV modules, to form a PV-TE hybrid module. Due to
the temperature difference over the TE converter addi-
tional electricity can be generated. Employing present
day thermoelectric materials with typical figure of merits
(Z) of 0.004 K" at 300 K may lead to efficiency en-
hancements of up to 23% for roof integrated PV-TE
modules, as is calculated by means of an idealized model.
The annual energy yield would increase by 14.7% - 11%,
for two annual irradiance and temperature profiles stud-
ied, i.e., for Malaga, Spain, and Utrecht, the Netherlands,
respectively. As new TE materials are being developed,
efficiency enhancements of up to 50% and annual energy
yield increases of up to 24.9% may be achievable. The
developed idealized model, however, is judged to over-
estimate the results by about 10% for practical PV-TE
hybrids. Sahin et al. [34] studied thermal efficiency of
the topping cycle is analyzed and compared with its
counterpart without the presence of the thermoelectric
elements. Thermodynamic analysis for the efficiency of
both the systems with and without thermoelectric gen-
erator was presented. The fluid flow and heat transfer in
a tube with presence of thermoelectric elements resem-
bling the solar heating system incorporated in the topping
cycle are simulated numerically. It is found that, for a
certain combination of operating and thermoelectric de-
vice parameters, thermal efficiency of the topping cycle
becomes slightly higher than that of the same system
without the presence of the thermoelectric generators.

A three-dimensional thermoelectric generator model is
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proposed and implemented (Chen et al. [35]) in a com-
putational fluid dynamics (CFD) simulation environment
(FLUENT). This model of the thermoelectric power
source accounts for all temperature dependent character-
istics of the materials, and includes nonlinear fluid-
thermal-electric multi-physics coupled effects. In solid
regions, the heat conduction equation is solved with oh-
mic heating and thermoelectric source terms, and user
defined scalars are used to determine the electric field
produced by the Seebeck potential and electric current
throughout the thermo elements. The current is solved in
terms of the load value using user defined functions but
not a prescribed parameter, and thus the field-circuit
coupled effect is included. The model is validated by
simulation data from other models and experimental data
from real thermoelectric devices. Within the common
CFD simulator FLUENT, the thermoelectric model can
be connected to various CFD models of heat sources as a
continuum domain to predict and optimize the system
performance.

He et al. [36] presented an experimental and analytical
study on incorporation of thermoelectric modules with
glass evacuated-tube heat-pipe solar collectors. The inte-
grated solar heat-pipe/thermoelectric module (SHP-TE)
can be used for combined water heating and electricity
generation. The experimental prototype unit comprises a
glass evacuated-tube, a heat-pipe and a thermoelectric
module with its one side attached to the condensation
section of the heat-pipe and other side attached to a water
channel. The heat-pipe transfers the solar heat absorbed
within the glass evacuated-tube to the thermoelectric
module. Under the condition of given solar irradiation
and water temperature, the current, voltage and power
outputs of the thermoelectric module are given for vari-
able external electrical resistance. An analytical model of
the prototype unit is presented to relate its thermal and
electrical efficiencies with the solar irradiation, ambient
temperature, water temperature, areas of the glass evacu-
ated-tube and the thermoelectric module, and the length,
cross-section area and number of thermo elements in the
thermoelectric module. The analytic model is validated
against the experimental data before it is used to optimize
the design and operating parameters of the prototype for
combined water heating and additional electricity gen-
eration.

Wotan et al. [37] reported on the design, fabrication
and proof of concept of a multilayer fluidic packaging
system enabling an increase in the output power per-
formance of micro thermoelectric generators (uTEGs).
The complete integration of the micro fluidic heat trans-
fer system (¢HTS) with a yTEG is successfully demon-
strated. The fabricated prototype is characterized with
respect to its thermal and hydrodynamic performance as
well as the generated output power. At a very low
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pumping power of 0.073 mW/cm’, a heat transfer resis-
tance of 0.74 cm” K/W is reached. The assembled device
generated up to 1.47 mW/cm® at an applied temperature
difference of 50 K and a fluid flow rate of 0.1 1/min.
Further system improvements and the potential of the
proposed packaging approach are discussed.

It is well known that photovoltaic (PV) cells can only
convert a portion of solar energy into electric power, and
a large amount of remaining solar radiation mainly pro-
duces heat energy. Therefore, a lot of effort has been
expended to combine the PV and thermoelectric tech-
nology in an efficient and powerful way. Most of these
inventions are focused on the structure design [24]. Mi-
callef [38] presented a Seebeck solar cell device, in
which the materials used to form conductors in the n-type
and p-type regions of the cells were chosen for their dif-
ferent thermoelectric characteristics. Therefore, electric
power could be produced not only from the PV cells but
also from the temperature gradient in the conductors re-
sulting from solar radiation and waste heat generated in
the PV cell. Multiple devices could be connected in se-
ries or parallel so as to enhance the output power. Hunt
[39] presented a simple hierarchical structure, which had
at least one thermoelectric module thermally attached to
the PV module and could produce electricity both from
the PV cell and thermoelectric module. This simple
structure combines both PV and thermoelectric conver-
sion.

Hecht [40] proposed another solar-energy conversion
package which combined PV cell, thermoelectric con-
version unit, and thermal heating system together. One of
its embodiments unlike the system described previously,
the thermoelectric cell and PV cell in this system were
separated, and the irradiated surface of the PV cell was
treated with selective spectrum reflective coating to al-
low high conversion PV wavelength energy to be ab-
sorbed by the PV cells, while the rest of less effective
wavelength radiation would be reflected to the thermoe-
lectric cell surface to produce electricity from heat;
therefore higher efficiency could be achieved. Apart
from that, making full use of solar radiation can also be
achieved by performing a wavelength band division of
solar light. The introduced solar radiation could be di-
vided by wavelength band dividers. At first, the ultravio-
let light would be separated by the wavelength band di-
vider and reach the wavelength converter to be converted
into visible light. Then the rest of solar radiation would
pass through the wavelength band divider to be divided
into visible light and infrared light. After these wave-
lengths band division processes, the visible light would
reach the photoelectric converter where it could be con-
verted into electric energy, and the infrared light would
be converted by a thermoelectric converter into electric
energy through thermal energy. Therefore, more efficient
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solar-energy utilization can be achieved using this com-
pound system.

4. Thermoelectric Materials

Thermoelectric material which greatly affects the effi-
ciency is of huge importance for solar thermoelectric
power generation. Apart from the large Seebeck coeffi-
cient, good electrical conductivity, and small thermal
conductivity, the thermoelectric materials must present
excellent thermal and chemical stability at high tempera-
ture when used under the concentrated solar radiation. A
great deal of research on thermoelectric material has
been conducted over the past 50 years, and the literature
is rich. The three factors a, o and k are interrelated and
make it quite challenging to optimize Z7. Equation (1.2)
emphasizes that high Seebeck coefficients are important
for a good thermoelectric material. Nevertheless, an in-
crease in o is almost always accompanied with a de-
crease in o. Typically semiconductors and semimetals
have higher a but lower ¢ than metals because of their
rather lower carrier concentrations At room temperature,
T'=300 K, desired values for the thermoelectric parame-
ters are a = 225 uV/K, o = 10°Q'm™", and k= 1.5
W/m-K, which results in a ZT = 1. These values are
typical for the best TE materials such as Bi,Te; and
Sb,Te; alloys, which are presently used by industry in
devices that operate near room temperature and are well
investigated. Current TE devices operate at an efficiency
of about 5% - 6%. By increasing ZT by a factor of 4 pre-
dicted efficiencies can increase to 30% [5].

In order to achieve a sufficient conversion efficiency 7
at the given temperature, values of at least ZT ~ 1 are
required. The maximum conversion efficiency is ther-
modynamically limited by the Carnot efficiency. As was
shown by (Yang and Caillat [41]), a figure of Merit in
the range of 2 < ZT < 3 results in conversion efficiencies
of ~50% of the Carnot efficiency. The real conversion
efficiency depends not solely on the materials properties,
but also on the construction and geometry of the TE de-
vice, as well as on the macroscopic heat and electronic
transport. Commercial thermoelectric devices are based
on Bi,Te; because this material exhibits a relatively high
figure of Merit [41]. Disadvantages of Bi,Te; compounds
are their limited chemical stability at high temperatures
in air and their toxicity. Therefore, complex metal oxide
ceramics as alternative materials are promising candi-
dates for high temperature applications as they are inert
at high temperatures in air, non-toxic, and low cost mate-
rials [41]. Among these oxides, Na,Co,04 is especially
interesting as it shows a high figure of Merit, ZT ~ 0.8 at
T =800 K. The production of single crystals with defined
and stable stoichiometry is difficult, though. In contrast,
perovskite-type materials based on manganate and cu-
prate can be easily synthesized with controllable compo-
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sition and TE properties.

Current thermoelectric materials, as shown in Figure 3
[13], have ZT = 1, and new materials with ZT values of 2
- 3 are sought to provide the desired conversion efficien-
cies. The current materials exhibit conversion efficien-
cies of 7% - 8% depending on the specific materials and
the temperature differences involved. With regard to so-
lar energy conversion, thermoelectric devices will likely
utilize the IR spectrum of solar radiation. For example, a
thermoelectric power conversion device with ZT = 3 op-
erating between 500°C and 30°C (room temperature)
would yield about 50% of the Carnot efficiency.

Tirtt et al. [42] proved that a value of ZT > 4 does not
significantly increase the conversion efficiency over that
of a material with ZT = 2 - 3.5 Therefore, they believed
that the “Holy Grail” of thermoelectric materials research
is to find bulk materials (both n-type and p-type) with a
ZT value on the order of 2 - 3 (efficiency = 15% - 20%)
with low parasitic losses (e.g., contact resistance, radia-
tion effects, and interdiffusion of the metals) and low
manufacturing costs. With respect to solar energy, these
materials would need to operate at about 1000 K
(=700°C). The solar energy conversion process could be
envisioned where a high-efficiency solar collector turns
the sunlight (from the IR spectrum) into heat that is then
transformed by the thermoelectric devices into usable
electricity. In addition, the solar energy could be stored
in a thermal bath and transformed into electricity through
thermoelectrics when the sun was not shining.

Sano et al. [43] presented an attempt to improve the
performance of a thermoelectric element/module for
power generation by taking the following two ap-
proaches:
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Figure 3. Figure of merit (ZT) as a function of temperature
forseveral high-efficiency bulk thermoelectric materials
[29].
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e Improving the basic characteristic (Z) of thermoelec-
tric element (Improve the characteristics of the ele-
ment at room temperature and thereby improve them
at higher temperatures).

o Shifting the peak of Z toward the high temperature
side (Even if the value of Z in the low temperature re-
gion decreases, the overall efficiency of the element
improves as the value of Z in the high temperature re-
gion increases).

With the aim of improving the figure of merit, Z, of a
thermoelectric element, they applied plasma treatment to
the raw material powder as described in [43]. Concerning
the shift of the peak of Z toward the high temperature
side, their experimental results introduced that the n-type
maintains an improved characteristic in the high-tem-
perature region without causing the low-temperature
characteristic to decrease significantly. The figure of
merit of the p type at low temperatures decreased mark-
edly. However, the average performance index in the
entire working temperature range improved.

5. The Future of Thermoelectric Materials

The future expansion of thermoelectric energy conver-
sion technologies is tied primarily to enhanced materials
performance along with better thermal management de-
sign. The best thermoelectric material should behave as a
so-called phonon-glass-electron-crystal; that is, it should
minimally scatter electrons, as in a crystalline material,
whereas it should highly scatter phonons, as in an amor-
phous material. Materials researchers are now investi-
gating several systems of materials including typical
narrow-band gap semiconductors (half-Heusler alloys),
oxides, and cage-structure materials (skutterudites and
clathrates). More exotic structures that exhibit reduced
dimensionality and nanostructures have been the focus of
much recent research, including super lattices, quantum
dots, and nanodot bulk materials. Also, recent progress in
nanocomposites, mixtures of nano materials in a bulk
matrix, has generated much interest and hope for these
materials. The emerging field of these thermoelectric
nanocomposites appears to be one of the most promising
recent research directions. Such nanocomposites could
allow for higher ZT values by reducing thermal conduc-
tivity while maintaining favorable electronic properties.
With new higher efficiency materials, the field of har-
vesting waste energy through thermoelectric devices will
become more prevalent [44-47].

The most stable, long-term, and readily available
worldwide energy source is that of solar energy. The
issue has always been low-cost transformation and stor-
age. Other alternative energy technologies such as fuel
cells, wind energy, and thermoelectric will provide some
assistance in meeting our future energy needs. Many hy-
brid systems will be needed, and thermoelectric is able to

Open Access

work in tandem with many of these other technologies,
especially solar as it can use the heat source provided by
solar radiation. Over the past decade, thermoelectric ma-
terials have been developed with ZT values that are a
factor of 2 larger than those of previous materials. An-
other 50% increase in Z7 (to ZT = 3) with the appropriate
material characteristics and costs will position thermoe-
lectric to be a significant contributor to our energy needs,
especially in waste heat or solar energy conversion. The
likelihood of achieving these goals appears to be within
reach in the next several years. Furthermore, some con-
tribution from many of these alternative energy tech-
nologies such as thermoelectric will be needed in order to
fulfill the world’s future energy needs.

6. Concluding Remarks

It can be seen that although much effort has been made to
develop direct solar thermal power generation technolo-
gies, the conversion potential and practical applications
are still not widely used. In order to make full use of its
advantages and develop practical civil devices, more
effort should be devoted to material research, structure
optimization, and practical application development.
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